Introduction
Stents made of biodegradable polymeric materials are being investigated as a future alternative to current metallic drug eluting stents (DES) to overcome the limitation of a permanent foreign body remaining inside the vessel. As provided by metal stents, polymeric stents have to provide an initial mechanical support of the treated vessel. The mechanical properties of a polymer stent depend on the molecular structure or composition of the base material, but also on the manufacturing process applied. By extrusion processing and the implementation of a subsequent blow molding process, desired tangential orientation of the molecular chains and growth of crystallites could potentially improve mechanical properties of the stent. In addition, undesired cold crystallization effects and associated alterations of mechanical properties could potentially be minimized by adjusting the holding time during the blow molding process. Therefore, the current work describes an optimized fabrication process for tubular semi-finished products for manufacturing of stents made of poly-L-lactide (PLLA).
Materials and Methods

Sample preparation
Extrusion
Extrusion was conducted using a HAAKE MiniLab II (Thermo Fisher Scientific, Karlsruhe, Germany) extruder with co-rotating twin screws. A 2-axis laser scanner (ZUMBACH Elektronik, Orpund, Switzerland) was used to monitor the outer diameter of the extrudate during the extrusion process.
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For the determination of the holding time for the blow molding process it was important to use a polymer, which is relevant for later in vivo experiments. In our case medical grade PLLA Resomer L214 (Evonik Industries, Germany) was used. Inexpensive industrial grade, PLLA (3D printer Filament, Haarlem, The Netherlands) was used for the parameter study to determine the impact of haul-off speed on cross-section area. The polymers used for extrusion and the corresponding extrusion parameters are summarized in Table  1 . A nozzle with an outer and inner diameter of 1.96 mm and 1.35 mm was used for the shaping of the extrudate, respectively. The haul-off speed of 7.7 mm/s is considered to be optimal to achieve a maximum diameter (1.96 mm) with the existing extrusion die while ensuring a stable process. 
Blow molding
Blow molding of extruded tubular specimens was accomplished by (i) heating the specimen above glass transition temperature TG in the blow molding setup with a specified target diameter of 3.5 mm, (ii) radial expansion by means of compressed air and holding for a specific holding time and (iii) cooling of the specimen by chilled water during sustained compressed air inflow. The setting parameters are summarized in Table 2 . 
Morphological characterization
The cross-sectional analysis of the extruded specimens was carried out by means of micro computed tomography (µ-CT, Bruker SKYSCAN 1172, Kontich, Belgium) with a spatial resolution of 4.8 μm. Based on the cross-sectional image, the determination of the outer and inner diameters as well as the wall thickness over the complete circumference was carried out in 5° increments. With the desired wall thickness of 150 µm [2] and the outer diameter of 3.5 mm after blow molding, the intended cross-sectional area that has to be achieved in the extrusion process is 1.58 mm².
Thermal characterization
The analysis of the thermal behavior of blow-molded samples was carried out using differential scanning calorimetry (DSC, Mettler Toledo, Greifensee, Switzerland) in a temperature range of 20 -225°C and with a heating rate of 5 K/min. The sample weights were in the range of 1.7 -2.5 mg. From the melting curves, glass transition temperature (Tg), melting temperature (Tm) and crystallinity (χ) were determined. A value of ΔH100 = 93.7 J/g for 100% crystalline PLLA was assumed [3] .
Results and Discussion
Morphological characterization
The extruded tubular PLLA specimens showed a reduction in diameter and cross-sectional area as haul-off speed increases ( Figure 1 ). The µ-CT analysis showed an outer diameter of 1.85 mm for a haul-off speed of 7.7 mm/s compared to 1.96 mm, which was measured during the extrusion process by means of a 2-axis laser scanner. Thus, the material shrinkage for the polymer is about 5%. This is attributed to a temperature difference of 130°C between both measurements. The wall n A = 7.7 8.8 9.9 10.6 11.5 12.6 mm/s 2 mm thickness also depends on the haul-off speed and decreases with increasing speed. A discrepancy of this tendency can be observed at the haul-off speed of 10.6 mm/s. An explanation for this is an irregular refilling of the extruder at that time. In addition, the curve shows an unstable wall thickness in circumferential direction (see Figure 2 ). Based on the determined outer and inner diameter the crosssectional area was calculated for each haul-off speed (Table 3) . Unfortunately, even with a minimum haul-off speed of 7.7 mm/s, the target value for the cross-sectional area of 1.58 mm 2 could not be achieved. One solution would be to minimize the haul-off speed while ensuring a stable process or to consider new geometric parameters for the extrusion die. 
Thermal characterization
Regardless of holding time variation, DSC analyses for all blow molded PLLA L214 samples revealed values for Tg and Tm of 62.7 ± 1.9°C and 176.7 ± 0.4°C, respectively. The desired elimination of cold crystallization could be achieved by a holding time of at least 20 min (see Figure 3) . For a holding time of 10 min and 15 min degree of crystallinity of χ = 49.71 ± 0.5% and χ = 49.23 ± 0.9% could be achieved, respectively, rising to χ = 51.4 ± 1.2% at 20 min holding time. Maximum crystallinity of χ = 52.3 ± 0.3% was measured on samples processed with a holding time of 30 min. 
Conclusion
Tubular specimens for the production of polymeric stents could be successfully manufactured by an extrusion and subsequent blow molding process. Material supply variations should be avoided to achieve a continuous extrusion at the nozzle exit. Another finding is a material-specific shrinkage of the extrudate of 5% with PLLA (3D-filament). The diameter and cross-sectional area of the tubes can be adjusted by variation of haul-off speed. The desired cross-sectional area of 1.58 mm² was not achieved in this series of experiments, but can be realized with an even lower haul-off speed or with a larger extrusion die. The elimination of cold crystallization from the semi-finished product was successful, demonstrating that it requires a holding time of at least 20 min. 
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